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Summary
Recent crystal structures have revealed that regu-
latory subunit RIa of PKA undergoes a dramatic con-
formational change upon complex formation with the
catalytic subunit. Molecular dynamics studies were
initiated to elucidate the contributions of intrinsic con-
formational flexibility and interactions with the cata-
lytic subunit in formation and stabilization of the com-
plex. Simulations of a single RIa nucleotide binding
domain (NBD), missing cAMP, showed that its C helix
spontaneously occupies two distinct conformations:
either packed against the nucleotide binding domain
as in its cAMP bound structure, or extended into an in-
termediate form resembling that of the holoenzyme
structure. C helix extension was not seen in a simula-
tion of either RIa NBD. In a model complex containing
both NBDs and the catalytic subunit, well-conserved
residues at the interface between the NBDs in the
cAMP bound form were found to stabilize the complex
through contacts with the catalytic subunit. Themodel
structure is consistent with available experimental
data.
Introduction
One of the fundamental challenges in understanding
signaling pathways in the cell is defining how protein
kinases, the molecular switches in these pathways,
are turned on and off. In the case of the well-studied
cAMP-dependent protein kinase (PKA), the switch is
provided by a family of regulatory (R) subunits that bind
to the catalytic (C) subunit with high affinity and thereby
block catalytic activity. PKA plays a central role in a mul-
titude of cellular processes (Shabb, 2001; Kandel, 2001).
As one of the simplest protein kinases whose structure
is known, PKA has served as a model by which to under-
stand the function of the entire family of eukaryotic ki-
nases due to the evolutionarily conserved catalytic core
(Hanks and Hunter, 1995; Knighton et al., 1991). Since
kinases regulate nearly every cellular process, it is criti-
cal that they be tightly regulated; selective regulation of
specific kinases is, in fact, a target for drug therapy.
An obvious theme that has emerged from the study
of kinase regulation and the availability of crystal struc-
tures of the regulatory subunits is the utilization of
modular domains (Taylor and Radzio-Andzelm, 1997).
In the case of PKA, regulation is provided by both
*Correspondence: jgulling@mccammon.ucsd.educAMP-independent protein kinase inhibitor (PKI) as well
as by several different isoforms of the regulatory (R) sub-
unit. Both classes of inhibitors play additional important
roles in the cell by virtue of being linked to other signal-
ing domains. PKI contains a C-terminal nuclear export
signal capable of shuttling the C/PKI complex out of the
nucleus (Wen et al., 1995), while the R subunits are
linked via their N-terminal dimerization/docking (D/D)
domains to scaffolding proteins involved in cellular lo-
calization (Michel and Scott, 2002) (see Figure 1A).
cAMP is an ancient signaling molecule, and the nucle-
otide binding domain (NBD) has likewise been con-
served from bacteria to man (Berman et al., 2005). The
structure of the R subunit (Su et al., 1995), common to
all isoforms, comprises two tandem NBDs, labeled A
and B (see Figure 1B). Each NBD is composed of a heli-
cal subdomain and an eight-stranded b barrel where
cAMP binds. Within the b barrel is a conserved phos-
phate binding cassette (PBC) that specifically binds to
cAMP. Binding of cAMP to the R subunits causes the
R and C subunits to separate, enabling catalytic activity
to proceed. A helical region (helix C) connects the two
NBDs. N-terminal to the NBDs is the pseudo substrate
region, which binds to the active site of the C subunit,
thereby displacing any potential substrate. Despite the
high sequence similarity of the two isoforms, the alloste-
ric networks as well as the packing between the NBDs in
the two structures are quite different. These differences
are reflected in the biochemistry of the two subunits
(Herberg et al., 1996; Zawadzki and Taylor, 2004). RI is
not phosphorylated and binds only to the ATP bound
form of PKA. RII subunits are autophosphorylated and
do not require ATP to bind. In RI subunits, the A domain
binds cAMP with high affinity only when cAMP is bound
to the B domain (Ogreid and Doskeland, 1981a, 1981b;
Herberg et al., 1996).
While many crystal structures have been obtained of
the NBD in its cAMP bound state (Diller et al., 2001), until
recently the conformational malleability of this motif
has not been appreciated (Johnson et al., 2001). Early
models of the R/C complex assumed an essentially un-
changed conformation for RIa upon complex formation
(Tung et al., 2002; Anand et al., 2003), with the exception
of residues binding to the active site cleft (orange seg-
ments of Figure 1A). However, a recently determined apo
structure of a deletion mutant of RIa(91–244) in complex
with the C subunit (Kim et al., 2005) revealed a large con-
formational change of RIa, particularly in the helical sub-
domain. Interestingly, the apo structure of RIa(91–244) is
very similar to that of the cAMP bound form (C.K., un-
published data).
These new structures will be invaluable for under-
standing the mechanism of PKA activation by cAMP,
but they also pose new challenges for modeling. In par-
ticular, it does not appear possible for RIa to transition
between the apo and complexed conformations while
bound to the C subunit. As shown in Figure 1C, steric
clashes between the C helix of the A domain and cata-
lytic subunit residues 212–215 prevent the A domain
from adopting the C subunit bound form unless the
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142C helix first adopts an extended conformation. This, in
turn, would seem to require separation of the two do-
mains; however, the SAXS data of cAMP-free and cAMP
bound RIa (Vigil et al., 2004a, 2004b) are consistent with
the compact form seen in the crystal structure (Kim
et al., 2005), indicating that an extended form is not
heavily populated in solution.
These observations suggest that alternative confor-
mations may be accessible to RIawhile it is still separate
from the C subunit, even though the apo crystal struc-
ture closely resembles that of the cAMP bound form.
The docked structure is evidently favored only when
RIa interacts with the C subunit. Another possibility is
that RIa’s C helix can adopt one or more intermediate
structures, which, to our knowledge, are not seen in
any existing crystal structure, that can then assume
the docked form in the bound state.
The importance of multiple accessible conformations
for proteins is becoming increasingly well recognized
(Ma et al., 2001). Rather than regarding a binding event,
such as cAMP binding to the R subunit or the R subunit
binding to the C subunit, as ‘‘triggering’’ a conforma-
tional change through an induced fit or propagation of
interactions through the structure, one considers the re-
ceptor as existing in an ensemble of conformations, the
distribution of which is shifted by the change in the en-
ergy landscape upon introduction of the new interacting
group or change in environment (Kumar et al., 2000). In
Figure 1. Regulatory Subunit Domain Structure
(A) Top, full-length RIa; middle, truncated form of RIa used in simu-
lation III; bottom, truncated form of RIa from the R/C complex crystal
structure (Kim et al., 2005) used to model the position of the B do-
main.
(B) Crystal structure of RIa in the cAMP bound form (Su et al., 1995).
(C) RIa(91–244) (cyan) bound to the C subunit. The C helix of
RIa(226–242) is shown in the crystallographic conformation (red)
and the cAMP bound conformation (pink); the b sheet portion of
RIa was used to align the cAMP bound conformation to the R/C
complex. PBC of RIa is shown in yellow; the small lobe of the C sub-
unit is shown in white; the large lobe of the C subunit is shown in tan.
C subunit residues 212–215 are colored purple.antibody maturation, for example, mutations distant
from the binding site were found to be crucial in provid-
ing the entropic restriction necessary for the 30,000-fold
increase in binding affinity (Wedemeyer et al., 1997).
This could only be necessary if the germline antibody
exists in multiple conformations, which are then re-
stricted by mutations.
We performed detailed molecular dynamics (MD) sim-
ulations to examine how the dramatic conformational
change exhibited by the R subunit upon complex forma-
tion is facilitated by direct interactions with the C sub-
unit, and by the R subunit’s own intrinsic flexibility. Sim-
ulation of the A domain in the absence of cAMP showed
that its C helix can assume a fully extended conforma-
tion, as seen in the C subunit bound form, although the
rest of the domain continues to resemble the cAMP
bound state in the absence of the C subunit. In contrast,
simulation of the tandem apo A and B domains showed
that the B domain restricts the conformational dynamics
of the A domain. In the time frame of the calculation, the
B/C helix in the A domain does not extend, and the inter-
face between the A and B domain is not severed. To un-
derstand how the B/C helix can be stabilized in an ex-
tended conformation in the presence of the C subunit,
we modeled the B domain within the complex by using
the known structure of the A domain bound to the C
subunit. Molecular dynamics of this model showed
how residues in the B domain can be alternatively stabi-
lized by interfaces provided by either the A domain or
the C subunit.
Results
The described MD simulations are summarized in Table
1 and will be referred to as simulations I, II, and III. Sim-
ulation I was based on the apo crystal structure of RIa(A)
(C.K., unpublished data). Simulation II began from the
cAMP bound form of RIa(AB) (residues 109–376) (Wu
et al., 2004), with cAMP removed from the PBCs. Con-
struction of the model for simulation III began from the
crystal structure of the catalytic subunit with RIa(91–
242) (Kim et al., 2005). Coordinates for RIa residues
242–376 were taken from the partial RIa apo structure
(Wu et al., 2004), with cGMP bound to the A domain and
no nucleotide in the B domain. The B domain was fitted
to the C helix of the A domain by aligning backbone
atoms from residues 239–242 of each structure. The re-
sulting structure had minor steric clashes with side
chains in the catalytic subunit, which were removed by
using the SCWRL3 program (Canutescu et al., 2003) to
find an optimal set of rotamers for the contact residues.
The complete, solvated system, containing 118,382
atoms, was energy minimized and equilibrated at con-
stant temperature and pressure for 21 ns. We refer to
Table 1. Simulation Summary
Simulation
R Subunit
Residues Starting Models Time (ns)
I 110–242 apo RIa 40
II 109–376 CAMP bound RIa(AB)
with cAMP removed
28
III 91–376 RIa(A)/C subunit
complex, apo RIa(B)
21
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143residues 232–242 as the C helix, while the B/C helix in-
cludes residues 226–242; the C helix of the B domain
(residue 350–370) will be explicitly noted as belonging
to the B domain.
Rmsd Analysis
To better understand the dynamical properties of RIa,
we computed the rmsd of the R subunit from its initial
structure; in so doing, we considered RIa as a whole,
and we considered the A and B domains separately.
As seen in Figure 2A, RIa was quite dynamic in all three
simulations. The rmsd did not simply reach a plateau
and stabilize, but rather exhibited large-scale fluctua-
tions corresponding to concerted motions, as will be
described below. The rmsd of simulation I rapidly in-
creased from z2 A˚ to 3 A˚ after 10 ns; in simulation II,
there was a significant increase in rmsd between 2.5 ns
and 7 ns; and in simulation III, the rmsd steadily in-
creases to over 5 A˚. Some insight into the nature of the
fluctuations can be gained by analyzing the rmsd of
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Figure 2. Rms Deviations
(A) Total RIa rmsd relative to the starting structure in simulations I
(red), II (blue), and III (black). Simulation I continued for an additional
15 ns with no substantial change in the rmsd of RIa.
(B) Rmsd for domain A, RIa(113–242), in simulations I (red), II (blue),
and III (black).
(C) Rmsd for domain B, RIa(243–376), for simulations II (blue) and III
(black), and the rmsd for domain B, excluding the NBD loop and the
C helix, RIa(243–302,310–361), in simulations II (blue, dotted line)
and III (black, dotted line).the two NBDs individually, as is done in Figures 2B
and 2C. Considering first simulation II, we see that the
increase in total rmsd between 2.5 and 7 ns is not re-
flected in the rmsd of either the A or the B domain con-
sidered separately. Moreover, the rmsd of the A and B
domains stabilizes at values well below the total rmsd
(1.5 A˚ and 2 A˚ for the A and B domains, respectively,
compared to 3 A˚ total rmsd). Motion of the A and B do-
mains relative to each other thus contributes signifi-
cantly to the total fluctuations of apo RIa. Considering
now simulation III, we can again infer from the rmsd of
the A and B domains compared to the total rmsd that in-
terdomain motions were quite significant in the overall
dynamics. Both the A and B domains, however, appear
much more flexible in the model complex of simulation
III than in the apo form of simulation II. Figure 2C shows
that much of the flexibility in simulations II and III can be
accounted for by the highly flexible NBD loop (residues
303–309) of the B domain, and by the C helix of the B do-
main (residues 362–376). Excluding these two segments
brings the rmsd of the B domain in simulation II down to
that of the A domain. In simulation III, the rmsd of do-
main B excluding these residues is stable at 2 A˚ for the
final 15 ns of the simulation.
Simulation I
Figures 3A and 3B highlight the conformational changes
in the A domain seen during the 40 ns of simulation I.
During the initial 8 ns of simulation, the C helix remains
Figure 3. Spontaneous Fluctuations in Apo RIa Simulations
(A and B) Snapshots from simulation I at 5 ns and 40 ns, respectively.
(C and D) Snapshots from simulation II at 0 ns and at 5.35 ns, respec-
tively; the latter corresponds to the snapshot with a maximum rmsd
relative to the initial structure, as seen in Figure 2A.
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144packed against the b barrel, with a strong hydrogen
bond between Arg241 and Glu200. As shown in Fig-
ure 4A, at 8.8 ns, the hydrogen bond is broken, and,
within 1 ns, no heavy atom in Arg241 and Glu200 is closer
than 10 A˚. Extension of the C helix allowed for the forma-
tion of a hydrogen bond between Lys240 and Asp140 at
9.8 ns. These residues stayed in contact for the remain-
ing 30 ns of the simulation. No other hydrogen bond was
made with either Glu200 or Arg241 after their mutual
contact was broken. The Asp140-Lys240 contact is also
seen in the holoenzyme crystal structure, and the con-
formation of the C helix stabilized by this contact is
very close to that seen in the holoenzyme. This suggests
that the extended conformation seen during the simula-
tion may correspond to an intermediate that becomes
‘‘trapped’’ when high-affinity contacts are established
with the C subunit.
In order to gather statistics on the propensity of the C
helix to reach an extended conformation, simulation I
was repeated eight additional times. The modeling and
equilibration procedure was identical to that of simula-
tion I. After an initial 10 ps equilibration period, eight
independent trajectories, each 10 ns in length, were gen-
erated by continuing the dynamics with a different ran-
dom number seed controlling the Langevin temperature
bath. As seen in Figure 5, extension of the C helix is a sto-
chastic process depending on the breaking of the rela-
tively long-lived salt bridge between Arg241 and Glu200.
In four of the simulations (A, B, C, and G), the Glu200-
Arg241 salt bridge was never broken once it was initially
formed within the 10 ns duration of the simulation. How-
ever, the Asp140-Lys240 contact was established in
six out of the eight simulations (all but simulations B
and D–H), and it was even observed without the break-
ing of the Glu200-Arg241 contact (simulation B). Signif-
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Figure 4. C Helix Dynamics
Simulation I: Time trace of the distance between side chains of
Glu200 and Arg241 (solid line) and Asp140 and Lys240 (dashed
line). Simulation II: Distance between Glu200 and Arg241.icantly, the Glu200-Arg241 contact was never abolished
for more than a few picoseconds, unless the Asp140-
Lys240 contact could be established at the same time.
The additional simulations thus reinforce the interpreta-
tion of the extended C helix conformation as an interme-
diate state in R/C complex formation, and they highlight
the important role of the Asp140-Lys240 interaction in
stabilizing this conformation.
Simulation II
In the cAMP bound form, cAMP in the A domain packs
against Trp260 from the B domain, stabilizing the overall
structure. In addition, Trp260 forms a hydrogen bond
with Glu200 (see Figure 3C). Simulation II, however,
used as its starting structure a cAMP bound form of
RIa(92–376) with cAMP removed. Figures 3C and 3D il-
lustrate the motions exhibited by RIa(AB) during the
large increase in rmsd between 2.5 ns and 6 ns in simu-
lation II. The A domain has tilted away from the B do-
main, while the B domain has rotated about an axis par-
allel to the C helix. Trp260 loses its contact with Glu200
and instead hydrogen bonds to the carbonyl oxygen
of Gly195, displacing Arg355. Although the structure
subsequently returns to a more compact configura-
tion, this movement suggests that cAMP bound RIa is
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Figure 5. Stochastic Extension of the C Helix in RIa(110–242)
Independent replicas of simulation I, showing the minimum distance
between residues Glu200 and Arg241 (solid line), and between res-
idues Asp140 and Lys240 (dashed line).
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145Figure 6. NBD-B Contacts in Apo and Com-
plex Forms
(A and B) RIa in the (A) cAMP bound confor-
mation (PDB 1NE6) and the (B) C subunit
bound conformation from a final snapshot
of simulation III. Colors in cartoon represen-
tations indicate domain A (blue), domain B
(green), PBC (yellow), and the B/C helix
(red). The C subunit space-filling representa-
tion is colored white (small lobe) and tan
(large lobe).‘‘spring-loaded’’ in the sense that cAMP in the A domain
helps to stabilize the relative orientation of the A and B
domains; however, complete separation of the A and B
domains cannot proceed without interaction with the C
subunit.
In simulation I, it was observed that extension of the
C helix required the breaking of a contact between
Glu200 and Arg241 (Figures 3A and 3B). These residues
are over 28 A˚ apart in the holoenzyme structure, indicat-
ing that breakage of this salt bridge is a prerequisite for
complex formation. Analysis of this contact in simulation
II, as shown in Figure 4B, revealed that, while Glu200 and
Arg241 did not completely separate, as they did in sim-
ulation I, the minimum distance between the two resi-
dues fluctuated constantly and was less than 3 A˚ in
only 25% of the simulation snapshots. The interface be-
tween the A and B domains was observed to be well sol-
vated throughout the simulation; competing interactions
with water molecules likely weakened the interaction
between Glu200 and Arg241 and contributed the insta-
bility seen in Figure 4B. The fact that the C helix did
not extend to the degree seen in simulation I could be
a simple consequence of the longer timescale required
for the separation of the A and B domains, which neces-
sarily accompanies C helix extension, compared to
movement of just the C helix. However, SAXS measure-ments also show no large change in the overall structure
upon removal of cAMP (Vigil et al., 2004b). Residual in-
terdomain contacts could thus be contributing to the
stability of the compact form of RIa seen in simulation
II, leading us to investigate what role these contacts
might play in a C subunit bound conformation.
Simulation III
On the basis of the orientation of the C helix of the A do-
main from the partial apo structure (Wu et al., 2004), the
B domain of RIa was fitted into the R/C complex struc-
ture and was simulated with explicit solvent for 20 ns.
The final structural snapshot is shown in Figure 6B. Total
rmsd for the catalytic subunit relative to its initial struc-
ture was less than 2.5 A˚ and was due mainly to bending
of the N-terminal helix and to motion of the Gly-rich loop
(residues 317–325). Eliminating these residues from
consideration brought the rmsd for the catalytic subunit
to below 2 A˚, which was achieved within a few nanosec-
onds of equilibration. As seen in Figure 2, RIa was much
more dynamic when bound to the C subunit (simulation
III) than in its apo form (simulation II). The radius of gyra-
tion for RIa increased from 28 A˚ in the initial modeled
structure to 29.5 A˚ in the final snapshot. The observed
flexibility was not limited to the modeled B domain;
Structure
146Table 2. Contacts between RIa and the C Subunit during the Final 15 ns of Simulation III
Contacts between RIa are shown in the rows, and contacts between the C subunit are shown in the columns. The fraction of snapshots in which
residue pairs were observed to have at least one heavy atom within 3 A˚ of each other is given as a percentage. The right-most column and the
bottom row give the percentage of snapshots in which the corresponding residue had a contact with any residue in the opposite subunit. Only
residues with intersubunit contacts in greater than 50% of the snapshots are shown in the table.indeed, as seen in Figure 2, the A domain was also more
dynamic in the R/C complex than in the apo forms.
Despite the flexibility exhibited by RIa in the simula-
tion, a number of contacts between the B domain
and the catalytic subunit remained remarkably stable
throughout the simulation. Moreover, these contacts
were made by residues in the B domain that lie at the in-
terface between RIa domains in the cAMP bound form.
Trp260R, which caps cAMP at the PBC of the A domain,
is particularly dynamic in the model complex, but it
consistently packs against catalytic subunit residues
Asn216C and Leu277C. Asp258R and Arg355R, which
have no hydrogen bonding partners in the cAMP bound
crystal structure, are paired with Lys285C and Asp276C,
respectively, in the R/C complex simulation. Thus, the
main points of contact between the B domain and the
C subunit in the model complex are made by residues
that are sequestered when cAMP is present.
In order to characterize the stability of the contacts
observed in simulation C, the fraction of snapshots in
which particular R/C contacts were present, as well as
the fraction in which R and C residues made any inter-
subunit contacts, was computed for the last 15 ns of
simulation. The results, summarized in Table 2, revealed
a number of very stable contacts between residues in
RIa and the catalytic subunit. We consider only residues
134–376 in RIa for analysis, since our modeling is not
affected by residues in the pseudo substrate or linker
region. As expected, Val134R and His138R, which are
known to be important in the formation of a high-affinity
holoenzyme complex, were packed against the catalytic
subunit in 99% of all snapshots. Tyr205R maintained
a hydrogen bond with Tyr247C in 95% of snapshots, as-
sisted by a tight hydrophobic contact between Ile204R
and Leu198C. Trp260R exhibited two distinct modesof contact with the C subunit, corresponding to two dif-
ferent rotamer states. In one mode, Trp260R interacted
mainly with Asn216C and Asn283C; in its other rotamer
state, Trp260R contacted Leu277C and Thr278C.
The role of Asp267R in our model is especially inter-
esting. In the cAMP bound conformation, Asp267R, in
conjunction with Arg241R, helps to stabilize Glu200,
which holds the cAMP in place. In the simulated R/C
complex structure, Asp267R instead coordinates a net-
work of contacts between the R and C subunits. In
the initial conformation of simulation C (Figure 6A),
Asp267R contacts Arg241R; however, after 10 ns of sim-
ulation, Lys213C displaces Arg241R and retains this
contact for the duration of the simulation. The contact
between Asp267R and Lys213C does not disrupt the hy-
drogen bond between Glu143R and Lys213C seen in the
crystal structure of RIa(91–244) in the cAMP bound con-
formation. In the model complex, Asp267R is also the
only residue in the B domain that makes a contact with a
residue in the A domain, Lys240 (Figure 6B). The same
contact is also observed in free RIa, though, in that
case, Asp267R hydrogen bonds to the carbonyl oxygen
of Lys240. This dual set of roles for Asp267R may help
to explain why binding of cAMP must occur first to the
B domain. cAMP binding to the B domain may favor
the release of Asp267R so that it can return to its role
of interacting with Arg241R and preparing Glu200 for
high-affinity binding of cAMP in the A domain.
Discussion
Mechanism of RIa Binding
Taken together, the described simulations shed light
on the mechanism by which RIa undergoes its dramatic
conformational change upon binding to the C subunit.
PKA-I Complex Formation
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showed that the C helix may occasionally adopt an ex-
tended conformation amenable to docking to the C sub-
unit. Such an extension requires the breaking of a hydro-
gen bond between Glu200 and Arg241, and it may be
stabilized by a new hydrogen bond between Asp140 and
Lys240, as seen in the R/C complex (Kim et al., 2005).
Domain motion of this nature is stochastic; indeed, MD
studies of a similar nature have observed different mo-
tions from identical starting conditions (Bo¨ckmann and
Grubmu¨ller, 2003). We therefore sought to corroborate
our interpretation with eight additional simulations that
were 10 ns in length. These simulations clearly demon-
strated that C helix extension can occur on the 10 ns
timescale, and that it depends on the formation of a con-
tact between Asp140 and Lys240 for its stability.
We note that the residues implicated by the present
simulation studies as playing a role in modulating the
conformation selected by the regulatory subunit are
well conserved across the entire regulatory subunit fam-
ily (Canaves and Taylor, 2002). In particular, Glu200 and
Arg241, as well as Asp140 and Lys240, are perfectly
conserved in all RIa isoforms, except for Asp140, which
occasionally is replaced by Glu. As noted above, the
Glu200-Arg241 pair may compete with Asp140-Lys240
for formation of a hydrogen bond. Based on the results
of simulation I (see Figures 3A and 3B), we would expect
that mutations that disrupt the Asp140-Lys240 hydro-
gen bond would decrease the binding affinity of RIa for
the C subunit by lowering the association rate, since ex-
tension of the C helix appears to be a prerequisite for
formation of the holoenyzyme’s high-affinity contacts.
Mutation of Glu200 to Ala severely disrupts the activa-
tion of PKA by cAMP (Vigil et al., 2005a), consistent
with our model of the Glu200-Arg241 hydrogen bond’s
importance in stabilizing the position of the C helix in
its apo (and cAMP bound) form.
Extension of the C helix also necessitates separation
of the A and B domains, and, as shown in simulation II,
even though the relative orientation of the A and B do-
mains is flexible upon removal of cAMP, some residual
interdomain contacts are maintained. These contacts
would favor the compact, cAMP bound-like form of
RIa in the absence of substitute contacts, such as those
provided by the C subunit. This is consistent with previ-
ous SAXS data, which showed minimal change in con-
formation after removal of cAMP (Vigil et al., 2004a).
Though no C helix extension was observed in simulation
II, the C helix was only weakly held in place by an inter-
action between Glu200 and Arg241, and the entire inter-
domain region was well solvated throughout the course
of the simulation.
The implications of an extended conformation for RIa
in the C subunit bound form were investigated by con-
structing a model of the holoenzyme based solely on
the orientation of the C helix (cf. Figure 1C with Fig-
ure 6B). Though the resulting structure was highly dy-
namic over the 21 ns simulation period, stable contacts
between the B domain and the C subunit were observed;
significantly, these contacts replace interdomain con-
tacts lost when domains A and B separate. The model
thus helps to rationalize how RIa can possess two stable
conformations: a compact form in the apo and cAMP
bound states, and an extended form when bound tothe C subunit. This extended conformation of the B do-
main is also consistent with SAXS studies of an RIa het-
erodimer (Vigil et al., 2005b). Particularly stable contacts
observed in our simulation were formed by RIa residues
Trp260, Asp267, and Arg355 (Table 2; Figure 6B). The
fact that these residues are not in a position to form con-
tacts with the C subunit until the NBDs separate may
contribute to the specificity and cooperativity of the re-
sponse of RIa to ambient cAMP levels.
Correspondence with Experiment
The proposed holoenzyme model also helps to explain
changes in hydrogen-deuterium (H-D) exchange rates
upon formation of the complex (Hamuro et al., 2004).
Five peptide segments of RIa exhibited significantly
slower H-D exchange rates upon complex formation:
residues 80–101, 138–148, 232–247, 348–353, and 377–
379. The first three peptide segments are involved in sta-
ble contacts with the catalytic subunit, as seen in the
crystal structure of the RIa(91–244):C subunit complex
(Kim et al., 2005). The fourth region, 348–353, is very
close to the part of the B domain, especially Arg355,
that makes stable contacts with the C subunit. No infer-
ence about residues 377–379 could be made since these
residues were not modeled.
In the same H-D exchange studies, residues 105–110
were highly deuterated, indicating a high level of disor-
der. This region is also quite flexible in the simulation;
residues 109–114 exhibit mean square fluctuations of
over 4 A˚ about their average positions, and only Asn307
at the tip of the B domain NBD loop, and the three resi-
dues at the C terminus of RIa, show as much flexibility.
Three peptide segments showed increased deutera-
tion relative to the cAMP-free structure: 190–201, 312–
321, 365–374. The increased deuteration of 190–201 in
the holoenzyme relative to cAMP-free is easy to under-
stand: in cAMP bound RIa, 190–199 pack against the A
and B helices of the B domain, but, in the holoenzyme
model, the B domain no longer packs against the A do-
main, leaving 190–201 completely exposed on the sur-
face. Increased deuteration of residues 312–321, as
well as segments 324–327 and 330–345, is consistent
with the increased flexibility of the B domain in the holo-
enzyme simulation compared to the apo structure in
simulation II (see Figure 2). It remains a challenge to
quantitatively model H-D exchange rates since they de-
pend on many factors, including solvent accessibility,
secondary structure, and backbone flexibility.
The present model of the R/C complex also helps ex-
plain decreased deuteration rates upon complex forma-
tion in the C subunit (Anand et al., 2003). In that study,
three peptide segments in the C subunit were identified
as having decreased deuteration rates that could not be
attributed to protection by either the pseudo substrate
region or nucleotide binding to the C subunit. The first,
residues 212–221, was later shown to be protected by
the C helix of RIa. In our model, the B domain could
provide additional protection through the interaction of
Trp260 with Asn216C. The second segment, residues
247–261, is well explained by the position of the PBC
in the R/C complex crystal structure (Kim et al., 2005).
The third segment, residues 278–289, make no direct
contacts with the PBC or the C helix of the A domain.
However, in our model, C subunit residues Thr278,
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148Lys279, Asn283, and Lys285 all make stable contacts
with residues in the B domain (see Table 2), and much
of the segment lies in a groove between the A and the
B/C helices of the B domain (residues 259–268 and
350–371, respectively). The slower deuterium exchange
observed in C subunit residues 278–289 lends support
to our model of the position of the B domain.
Although the contacts between the B domain and the
C subunit are of interest in themselves, further simula-
tion of the holoenzyme structure is planned in order to
achieve a more converged structure. An X-ray crystal
structure would be even more desirable, and a model
of the holoenzyme that includes the B domain may sug-
gest mutations that would facilitate the crystallization of
the tandem domain structure. We are also interested in
investigating to what extent the binding of the holoen-
zyme is entropically driven (Andricioaei and Karplus,
2005; Schlitter, 1993); increase in flexibility upon binding
has been shown to be an important driving force in sev-
eral other protein complexes (Dixit et al., 2005; Baerga-
Ortiz et al., 2004; Bui et al., 2004).
Experimental Procedures
All structures were prepared by using the psfgen package in VMD
1.8.2 (Humphrey et al., 1996) and were simulated by using NAMD
2.5 (Kale et al., 1999). Use of the SHAKE and SETTLE algorithms to
constrain bonds to hydrogen atoms permitted a timestep of 2 fs.
Long-range electrostatic forces were computed every two time
steps by using the Particle Mesh Ewald algorithm (Essmann et al.,
1995). Temperature control was performed by using Langevin dy-
namics, and pressure was maintained by using the Langevin piston
method with period and decay times of 200 and 100 fs, respectively.
All simulations were performed under standard conditions of 300K
and 1 atm, and the Charmm27 force field was used (MacKerell et al.,
1992, 1998).
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